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Abstract 24 
Lipid peroxidation products react with cellular molecules, such as DNA bases, to form 25 
covalent adducts, which are associated with aging and disease processes. Since lipid peroxidation 26 
is a complex process and occurs in multiple stages, there might be yet unknown reaction 27 
pathways. Here, we analyzed comprehensively 2’-deoxyguanosine (dG) adducts with oxidized 28 
arachidonic acid using liquid chromatography-tandem mass spectrometry and found the 29 
formation of 7-(2-oxo-hexyl)-etheno-dG as one of the major unidentified adducts. The formation 30 
of this adduct was reproduced in the reaction of dG with 2-octenal and predominantly with 4-31 
oxo-2-octenal (OOE). We also found that other 2-alkenals (with five or more carbons) generate 32 
corresponding 4-oxo-2-alkenal-type adducts. Importantly, it was found that transition metals 33 
enhanced the oxidation of C4-position of 2-octenal, leading to the formation of OOE-dG adduct. 34 
These findings demonstrated a new pathway for the formation of 4-oxo-2-alkenals during lipid 35 
peroxidation and might provide a mechanism for metal-catalyzed genotoxicity. 36 
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Introduction 42 
Lipid peroxidation, one of the results from oxidative stress, is considered to be involved in various 43 
diseases such as cancer, arteriosclerosis and neurodegenerative diseases.1-3) Polyunsaturated fatty acids, 44 
such as arachidonic acid (AA) and linoleic acid, essential components of cellular membranes, are the 45 
major targets for lipid peroxidation. Lipid hydroperoxides are generated as primary products and 46 
degraded to a variety of reactive electrophiles as secondary products.4) Among numerous lipid 47 
peroxidation-derived degradation products, malondialdehyde, acrolein, crotonaldehyde, 4-hydroxy-2-48 
nonenal (HNE), 4-hydroxy-2-hexenal and 4-oxo-2-nonenal (ONE) have been well-studied in their 49 
reactivity to cellular components such as proteins and DNA.5, 6) Especially, HNE and 4-hydroxy-2-50 
hexenal are considered as specific markers for peroxidation of ω-6 and ω-3 polyunsaturated fatty acids, 51 
respectively.7, 8) On the other hand, we speculated that many other products could also be associated 52 
with lipid peroxidation-related diseases, because the processes of lipid peroxidation are complex and 53 
are strongly influenced by oxidative conditions. 54 
Lipid peroxidation products readily react with DNA bases and form etheno (ε)- and propano-55 
DNA base adducts through schiff base formation, Michael-type addition reactions, epoxide-opening 56 
and/or retro-aldol reactions.9-11) These adducts are suggested to play roles in mutations, carcinogenesis, 57 
aging and other diseases.12, 13) Recently, some researchers have reported the detection of various lipid 58 
peroxidation-derived DNA adducts comprehensively using liquid chromatography–tandem mass 59 
spectrometry (LC-MS/MS), called adductome approach,14, 15) and exhibited the relationship between 60 
the amount/pattern of DNA adducts and the risk of several diseases. However, the elucidation of 61 
overall structures and reaction mechanisms of lipid peroxidation-derived DNA adducts has not yet 62 
been completed. 63 
In the present study, we analyzed 2’-deoxyguanosine (dG) adducts derived from the reaction with 64 
oxidized AA by comprehensive analysis using LC-MS/MS and found the formation of 7-(2-oxo-65 
hexyl)-εdG, 4-oxo-2-octenal (OOE)-derived dG adduct, as one of the major unidentified adducts. We 66 
unexpectedly found that OOE and other 4-oxo-2-alkenals could be formed through the autoxidation 67 
of the corresponding 2-alkenals during metal-catalyzed lipid peroxidation. Considering the fact that 68 
4-oxo-2-alkenals are highly reactive toward nucleobases as compared with the corresponding 2-69 
alkenals,16) our study indicates a new mechanism for the metal-catalyzed genotoxicity associated with 70 
lipid peroxidation. 71 
 72 
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Materials and Methods 74 
 75 
Materials. 2’-Deoxyguanosine[15N5] was purchased from Silantes GmbH (Munich, Germany). 76 
Nuclease P1 was obtained from Wako Pure Chemical Industries (Osaka, Japan). Alkaline phosphatase 77 
(Calf Intestine) was purchased from TOYOBO (Osaka, Japan). Semicarbazide hydrochloride was 78 
obtained from NACALAI TESQUE, INC. (Kyoto, Japan). Calf thymus DNA was purchased from 79 
Sigma-Aldrich Japan Corporation (Tokyo, Japan). 15-Hydroperoxyeicosatetraenoic acid (15-HPETE) 80 
was obtained from Cayman Chemical Company (Ann Arbor, MI., USA). 81 
 82 
LC-MS/MS analysis of dG adducts. AA (10 mM) was incubated with dG (1 mM) in 0.1 M 83 
phosphate buffer (pH 7.4) containing FeSO4 (0.1 mM) and ascorbic acid (1 mM) at 37°C for 3 days. 84 
Comprehensive analysis of dG adducts derived from oxidized AA was performed by LC-MS/MS (API 85 
2000, AB Sciex, Framingham, MA., USA) in a positive ion mode using Scherzo SM-C18 (2 × 75 mm, 86 
Imtakt, Kyoto, Japan). The gradient elution program using solvent A (water) and solvent B 87 
(acetonitrile) containing 0.1% formic acid was as follows: 0-2 min, 2% solvent B; 2-10 min, linear 88 
gradient to 60% solvent B at a flow rate of 0.2 mL/min. The multiple reaction monitoring (MRM) of 89 
each dG adduct was set at [M+H]+ → [M+H−116]+ for the loss of deoxyribose moiety over the range 90 
from m/z 292 to 508. 15-HPETE (2 mM) was also incubated with dG (2 mM) in 0.1 M phosphate 91 
buffer (pH 7.4) at 37°C for 3 days. The quantitation of OOE-dG was performed by stable-isotope 92 
dilution LC-MS/MS analysis as described below. 93 
Each 2-alkenal (crotonaldehyde, 2-pentenal, 2-hexenal, 2-hepenal, 2-octenal, and 2-nonenal; 20 94 
mM) was incubated with dG (2 mM) in 0.1 M phosphate buffer (pH 7.4) at 37°C for 3 days. The 95 
possible MRM transition for each 7-(2-oxo-alkyl)-εdG was also monitored at [M+H]+ → [M+H−116]+. 96 
 97 
Identification of 7-(2-oxo-hexyl)-εdG. 2-Octenal (20 mM) was incubated with dG (2 mM) in 0.1 98 
M phosphate buffer (pH 7.4) at 37°C for 6 days. The reaction mixture was concentrated and desalted 99 
by adding excess methanol. The methanolic solution was evaporated to dryness, and the residues were 100 
dissolved in 30% acetonitrile and then analyzed by reversed-phase high-performance liquid 101 
chromatography (HPLC) using a Develosil C30-UG-5 (8 × 250 mm, Nomura Chemical, Japan). The 102 
gradient elution program using solvent A (water) and solvent B (acetonitrile) was as follows: 0-5 min, 103 
5% solvent B; 5-35 min, linear gradient to 60% solvent B at a flow rate of 2 mL/min. Peaks were 104 
collected and analyzed by LC-MS/MS as described above. The peak with m/z 390 was purified and 105 
dissolved in CD3OD for the 1H-nuclear magnetic resonance (NMR) analysis (400 MHz, Bruker 106 
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AVANCE 400). 107 
 108 
Synthesis of OOE. Pyridine (10 mL) and N-bromosuccinimide (1.9 g) were dissolved in 109 
tetrahydrofuran-acetone-water (5 : 4 : 2) in an ice bath. 2-Butylfuran (2.6 mL) was then added 110 
gradually under stirring. The solution was mixed for 1 h in the ice bath and a further hour at room 111 
temperature and then poured into water/dichloromethane (1 : 1). The organic layer was separated, 112 
dried with anhydrous sodium sulfate and evaporated in vacuo. The residue was applied onto a silica-113 
gel column and OOE was eluted with ethyl acetate/hexane (3 : 1) (285.7 mg, 12.4%). 114 
 115 
Preparation of 7-(2-oxo-hexyl)-εdG and 7-(2-oxo-hexyl)-εdG[15N5]. For preparing 7-(2-oxo-116 
hexyl)-εdG (OOE-dG) or stable isotope-labeled OOE-dG, OOE (10 mM) was incubated with dG or 117 
dG[15N5] (2 mM) in 0.1 M phosphate buffer (pH 7.4) at 37°C for 3 days. Each adduct was purified 118 
using reversed-phase HPLC as described above. 119 
 120 
Preparation of 2-octenal-modified calf thymus DNA. Calf thymus DNA (300 μg) in 0.1 M 121 
phosphate buffered saline (300 μL, pH 7.4) was treated with 2-octenal (10 mM) at 37°C for 3 days. 122 
After adding 30 μL of sodium acetate (3 M, pH 5.2), the DNA was precipitated by adding 825 μL of 123 
ice-cold ethanol followed by centrifugation at 20,000 g for 10 min. The DNA pellet was washed by 124 
70% ethanol, centrifuged, and then the supernatant was removed. The pellet was washed again by ice-125 
cold ethanol. The DNA pellet was dried and then dissolved in 500 μL of water. 126 
 127 
Quantitation of 7-(2-oxo-hexyl)-εdG in the modified calf thymus DNA. Collected DNA in 500 μL 128 
of water was mixed with 10 μL of sodium acetate (3 M, pH 5.2) and 30 units of nuclease P1. After 129 
incubation at 37°C for 12 h, 50 μL of Tris-HCl (1 M, pH 8.0) and 20 units of alkaline phosphatase 130 
were added, and the mixtures were further incubated at 37°C for 12 h. Stable isotope-labeled OOE-131 
dG[15N5] (5 pmol) was then added to the hydrolysates. The enzymes in the hydrolysates were filtrated 132 
using Nanosep, 3K (Pall Life Sciences, Port Washington, USA). The 10 μL of the filtrates was used 133 
for quantitation of unmodified dG. The remaining filtrates were applied to solid-phase extraction using 134 
Sep-Pak C18 cartridge (Waters). The cartridges were washed by methanol and equilibrated with 10% 135 
methanol. After applying the hydrolysates, the cartridges were washed with 5 mL of 10% methanol to 136 
remove unmodified nucleosides and relatively hydrophobic lipid-nucleoside adducts were then eluted 137 
with 8 mL of 100% methanol. The methanolic fractions were evaporated to dryness in vacuo, and the 138 
residues were dissolved in 0.1 mL of 40% acetonitrile. 139 
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Unmodified nucleosides were analyzed by a reversed-phase HPLC using a TSKgel ODS-80Ts 140 
(4.6 × 150 mm, TOSOH). The gradient elution program using solvent A (50 mM sodium acetate 141 
containing 3% methanol, pH 5.2) and solvent B (50% methanol) was as follows: 0-25 min, 100% 142 
solvent A; 25-35 min, linear gradient to 20% solvent B; 35-45 min, isocratic hold at a flow rate of 0.8 143 
mL/min. 144 
DNA adducts were analyzed by LC-MS/MS (Agilent, G6410B, Santa Clara, CA, USA) in a 145 
positive ion mode using TSKgel Super-ODS (2 × 100 mm, TOSOH). The gradient elution program 146 
using solvent A (water) and solvent B (acetonitrile) containing 0.1% formic acid was as follows: 5% 147 
solvent B at first; 0-10 min, linear gradient to 80% solvent B; 10-15 min, isocratic hold at a flow rate 148 
of 0.2 mL/min. The MRM transitions for OOE-dG and the stable isotope-labeled internal standard 149 
were monitored at m/z 390.1 → 274.1 and 395.1 → 279.1, respectively. 150 
 151 
Semicarbazide derivatization. AA (20 mM) was incubated in 0.1 M phosphate buffer (pH 7.4) 152 
containing FeSO4 (0.1 mM) and ascorbic acid (1 mM) at 37°C for 2 days. 2-Octenal (10 mM) was 153 
incubated in 0.1 M phosphate buffer (pH 7.4) containing CuSO4 (10 μM) or FeSO4 (0.1 154 
mM)/ethylenediaminetetraacetic acid (EDTA, 0.1 mM) at 37°C for 24 h. Each reaction mixture or 155 
authentic OOE (1 mM) was mixed with 9-fold of semicarbazide (5 mM in methanol) and incubated at 156 
40°C for 6 h. The semicarbazone derivatives were separated using TSKgel ODS-100V (2 × 100 mm, 157 
TOSOH) in an isocratic elution with a mobile phase consisting of 25% aqueous acetonitrile containing 158 
0.1% formic acid at a flow rate of 0.2 mL/min and detected by API 3200 system (AB Sciex, 159 
Framingham, MA., USA). The MRM transitions for the semicarbazone derivatives of 2-octenal and 160 
OOE were monitored in a positive ion mode at m/z 184.2 → 167.2 and 255.0 → 137.2, respectively. 161 
 162 
 163 
Results 164 
 165 
Identification of 7-(2-oxo-hexyl)-εdG in the reaction of dG with oxidized arachidonic acid 166 
To investigate the oxidized AA-derived dG adducts, the reaction mixture of AA (10 mM) and dG 167 
(1 mM) in Fe2+-mediated oxidation system was analyzed by LC-MS/MS in a positive ion mode. 109 168 
MRM transitions with the loss of deoxyribose, [M+H]+ → [M+H−116]+, were monitored over the 169 
range from m/z 292 to 508. As well as many already identified adducts, such as εdG (m/z 292 → 176), 170 
acrolein-dG (m/z 324 → 208) and 7-(2-oxo-heptyl)-εdG (ONE-dG, m/z 404 → 288), an unexpected 171 
adduct was detected at m/z 390 → 274 as one of the major unidentified adducts. Based on the 172 
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molecular ion, we speculated that the aldehyde(s) with 8-carbon chain could react with dG to form 173 
this adduct. To test this hypothesis, we analyzed the reaction mixture of dG with 2-octenal, an -174 
unsaturated aldehyde with 8-carbon chain. As shown in Fig. 1A, not only expected Michael adducts 175 
at m/z 394 → 278 (data not shown), this adduct (m/z 390 → 274) was also successfully detected upon 176 
reaction with 2-octenal. To determine the structure, we purified this adduct and characterized by 1H-177 
NMR (Supplementary information). Surprisingly, the 1H-NMR signals were similar to those of 178 
previously reported ONE- and 4-oxo-2-pentenal-derived dG adducts.16-18) We then identified this 179 
adduct to be 7-(2-oxo-hexyl)-εdG (OOE-dG), which is presumed to be formed upon reaction with 180 
OOE. Indeed, this adduct was predominantly formed in the reaction of dG with authentic OOE (Fig. 181 
1A). Incubation of dG (2 mM) with an isomer of AA hydroperoxides, 15-HPETE (2 mM) in a 182 
phosphate buffer, also resulted in the formation of OOE-dG (data not shown), showing that the 183 
degradation product(s) of an AA hydroperoxide could contribute to the formation of OOE-dG. Stable-184 
isotope dilution assay demonstrated that the concentrations of OOE-dG after the incubation for 3 days 185 
were 51.9 ± 7.3 nM, estimating that equimolar 15-HPETE generated approximately 26 adducts per 186 
106 dG. 187 
 188 
Formation of 7-(2-oxo-alkyl)-εdG adducts from 2-alkenals 189 
To further investigate whether other 2-alkenals, as well as 2-octenal, could also form 7-(2-oxo-190 
alkyl)-εdG adducts, the reaction mixtures of dG and 2-alkenals with different carbon chain lengths 191 
(from C-4 to C-9) were analyzed by LC-MS/MS. As shown in Fig. 1B, 2-alkenals with five or more 192 
carbons generated their corresponding 7-(2-oxo-alkyl)-εdG adducts, suggesting that these 2-alkenals 193 
could be oxidized into corresponding 4-oxo-2-alkenals. Except for the adduct from 2-hexenal, which 194 
is thought to be formed during oxidation of ω-3 polyunsaturated fatty acids, other 7-(2-oxo-alkyl)-εdG 195 
adducts were also detected in the reaction of oxidized AA and dG (data not shown). The result that 196 
crotonaldehyde-derived 4-oxo adduct (7-ethanal-εdG) was scarcely detected might be due to less 197 
susceptibility of the methyl carbon at C4 of crotonaldehyde to oxidation. 198 
 199 
Effects of transition metals on the formation of 7-(2-oxo-hexyl)-εdG 200 
Since the lipid peroxidation process is enhanced by transition metals, such as iron and copper, 201 
we examined the effects of Cu2+ and Fe2+/EDTA, a stable complex of iron, on the formation of OOE-202 
dG in the reaction of dG with 2-octenal. As shown in Fig. 2A, the formation of OOE-dG was notably 203 
enhanced by addition of Cu2+ and Fe2+/EDTA. The results showed that 10 mM of 2-octenal converted 204 
into approximately 2.7 μM to 26.6 μM of OOE-dG. Next, to examine whether 2-octenal-derived OOE-205 
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dG formation and its enhancement by transition metals could be observed, not only in nucleosides, but 206 
also in calf thymus DNA (ctDNA), the enzymatic hydrolysates of 2-octenal-modified ctDNA was 207 
analyzed by LC-MS/MS. We noted that small amounts of OOE-dG were detected in the native 208 
(untreated) ctDNA (Fig. 2B), suggesting that this adduct could endogenously be formed in calf. As 209 
compared with native ctDNA, the increased amounts of OOE-dG were detected upon treatment with 210 
2-octenal. Stable-isotope dilution assay revealed that 0.20 or 11.86 adducts were formed per 106 dG 211 
in the native or 2-octenal-modified ctDNA, respectively. Furthermore, the adduct levels in 2-octenal-212 
modified ctDNA were significantly enhanced into 91.57 or 130.1 adducts in the presence of Cu2+ or 213 
Fe2+/EDTA, respectively (Fig. 2C). These results indicated that the formation of OOE-dG, a possible 214 
endogenous DNA lesion, is affected by transition metals, which could oxidize 2-octenal into highly 215 
reactive OOE. 216 
 217 
Formation of 4-oxo-2-octenal from 2-octenal 218 
Finally, to reveal the formation of 2-octenal and its oxidation products, we analyzed 219 
semicarbazone derivatives of aldehydes derived from oxidative degradation of AA by LC-MS/MS.19) 220 
As shown in Fig. 3A, we successfully detected 2-octenal in the oxidized AA, whereas, probably due 221 
to instability of 4-oxo-2-alkenals, semicarbazone derivative of OOE could not be detected in this 222 
condition. In turn, to examine the conversion of 2-octenal to OOE, 2-octenal was incubated in the 223 
presence or absence of Cu2+ or Fe2+/EDTA and then derivatized for LC-MS/MS analysis. As shown in 224 
Fig. 3B, semicarbazone derivative of OOE was detected from 2-octenal, especially incubated in the 225 
presence of transition metals. On the other hand, we confirmed the amount of OOE-dG was not 226 
increased by transition metals in the reaction of dG with OOE (data not shown), suggesting that 227 
transition metals induced the oxidation of 2-octenal, but not the reactivity of OOE. These results 228 
suggest that 2-octenal could be formed during peroxidation of AA and further oxidized into OOE in 229 
the presence of transition metals to form OOE-dG adduct. 230 
 231 
 232 
Discussion 233 
 234 
In the present study, we identified an unidentified dG adduct, 7-(2-oxo-hexyl)-εdG (OOE-dG), 235 
generated in the reaction of dG with oxidized AA. It has been shown that this type of adducts, 7-(2-236 
oxo-alkyl)-εdG, is formed upon reaction with corresponding 4-oxo-2-alkenals. Hecht et al. first 237 
reported this-type of adducts, identifying 7-(2-oxo-propyl)-εdG in the reaction of dG with 4-oxo-2-238 
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pentenal, a hydrolysis product of α-hydroxylated metabolite of a carcinogen N-nitrosopiperidine.17) It 239 
has also been reported that 7-(2-oxo-heptyl)-εdG was formed from ONE, a product of lipid 240 
peroxidation,18) and 7-(2-oxo-butyl)-εdG from 4-oxo-2-hexenal, reported as a mutagen derived from 241 
lipid peroxidation.20) The reaction mechanism for the formation of these adducts was reported to be 242 
initiated by nucleophilic addition of N2 of dG to the aldehydic carbon of 4-oxo-2-alkenals followed 243 
by Michael-type addition reaction between C2 of 4-oxo-2-alkenals and N1 of dG, resulting in the 244 
generation of etheno ring.18) Until now, it has been understood that 2-alkenals mainly generate 245 
propano-adducts through Michael-type addition. Otherwise, peroxide-mediated epoxidation of 2-246 
alkenals21) leads to the formation of different types of DNA adducts, etheno-adducts, through epoxide-247 
opening and/or retro-aldol reactions.9, 10) Following these reports, we detected Michael-type adducts 248 
(m/z 394 → 278) and 2,3-epoxyoctanal-derived adducts (m/z 392 → 276, m/z 410 → 294) in the 249 
reaction of dG with 2-octenal by LC-MS/MS (data not shown). However, we unexpectedly found that 250 
OOE-dG was formed as one of the major products in the reaction of dG with 2-octenal (Fig. 1A). We 251 
also confirmed that other 2-alkenals (with at least five carbon atoms) also generated corresponding 7-252 
(2-oxo-alkyl)-εdG adducts (Fig. 1B), suggesting that 4-oxo-2-alkenals could be formed from the 253 
autoxidation of 2-alkenals. Indeed, we confirmed by LC-MS/MS that OOE was produced during 254 
incubation of 2-octenal in the presence of transition metals (Fig. 3B). Thus, our results suggest a new 255 
pathway for the formation of 2-alkenal-derived DNA adducts, in which 2-alkenals (with five or more 256 
carbons) could be oxidized at C4-position into 4-oxo-2-alkenals and then react with DNA bases. 257 
Several reports have previously suggested that ONE was a major lipid peroxidation product 258 
derived from ω-6 polyunsaturated fatty acids.22) In addition, we have previously reported that ONE is 259 
highly reactive with nucleobases as compared with other types of aldehydes.16) Indeed, ONE-dG 260 
adduct was detected as one of the major adducts in our comprehensive analysis (data not shown). 261 
These observations show that ONE is a major genotoxic lipid peroxidation product. It has been 262 
reported 4-hydroperoxy-2-nonenal, a major homolytic degradation product of hydroperoxy ω-6 263 
polyunsaturated fatty acids, undergoes metal-catalyzed degradation into ONE and HNE.22, 23) Similarly, 264 
the formation of OOE could be mediated through 4-hydroperoxy-2-octenal. The detection of 4-265 
hydroperoxy- and 4-hydroxy-2-octenal, although we did not demonstrate within this study, might 266 
clarify the mechanism for the formation of OOE during oxidative degradation of arachidonic acid. 267 
To understand the contribution of lipid peroxidation products to oxidative modifications in vivo, 268 
it is important to estimate the concentrations of lipid peroxidation products in tissues and biological 269 
fluids. For example, it has been reported that the concentrations of HNE, calculated in the range of 270 
0.1-0.5 μM in rat liver, were significantly increased 5-fold under vitamin E deficiency in vivo and that 271 
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they could also be accumulated up to around 5 mM in peroxidized microsomal membranes in vitro.24) 272 
The concentrations of 2-octenal and OOE formed during oxidation of AA have not yet been calculated 273 
within this study, because we could not establish stable-isotope dilution assays for 2-octenal and OOE. 274 
Lipid peroxidation processes in vivo include both enzymatic and non-enzymatic reactions and are 275 
continuously initiated and/or terminated. Furthermore, some lipid peropxidation products, such as 276 
lipid hydroperoxides and 4-oxo-2-alkenals, are relatively unstable under physiological conditions. 277 
Therefore, it sometimes might be difficult to estimate the exact amounts of lipid peroxidation products 278 
in vivo. On the other hand, we here measured the amounts of OOE-dG adduct in the model reactions 279 
of 2-octenal with dG or ctDNA (Fig. 2) and of an AA hydroperoxide isomer with dG. Thus, estimating 280 
stable lipid-DNA adducts, such as 4-oxo-2-alkenal-derived dG adducts, will reflect the 281 
occurrence/extent of lipid peroxidation and of metal-catalyzed oxidative stress in vivo.  282 
Our data show that the amount of OOE-dG in the reaction of dG with 2-octenal was significantly 283 
up-regulated in the presence of Cu2+ or Fe2+/EDTA (Fig. 2A) and that the increased formation of OOE 284 
was observed during incubation of 2-octenal in the presence of transition metals (Fig. 3B). In addition, 285 
we confirmed that transition metals did not affect the formation of OOE-dG adduct in the reaction of 286 
dG with OOE (data not shown), suggesting that the transition metals enhanced the oxidation of 2-287 
octenal, but not the reactivity between dG and OOE. It has been reported in human epidemiological 288 
study that the higher concentrations of serum iron and copper increased the risk of dying from 289 
cancer.25) It has also been reported in human and animal studies that transition metals, especially iron, 290 
are associated with oxidative tissue damage and following carcinogenesis.26-28) Furthermore, it has 291 
been reported that copper-dependent formation of εDNA adducts was involved in liver 292 
carcinogenesis.29) These reports suggest that higher concentrations or accumulation of transition 293 
metals enhance the production of reactive oxygen species to induce tissue damage or diseases directly 294 
or indirectly through lipid peroxidation. Moreover, it has been shown that iron chelates, such as ferric 295 
nitrilotriacetate complex, have high catalytic activity,30) supporting the effects of Fe2+/EDTA in our 296 
experiments. Therefore, it is considered that up-regulated oxidative conditions by transition metals 297 
enhance the production of highly reactive 4-oxo-2-alkenals from 2-alkenals and then result in 298 
increased formation of 7-(2-oxo-alkyl)-εdG. Thus, our observation might provide one mechanism for 299 
metal-associated diseases, such as iron or copper overload. The potential sources and amounts of 300 
transition metals that will convert 2-alkenals into 4-oxo-2-alkenals in vivo are still unknown. 301 
Although the quantitative detection of OOE-dG in vivo has not yet been demonstrated, we 302 
successfully detected trace amounts of this adduct in native/untreated ctDNA (Fig. 2B), strongly 303 
suggesting that OOE-derived DNA damage could occur in vivo. Thus, OOE- and other 4-oxo-2-304 
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alkenal-derived dG adducts might be biomarkers of metal-catalyzed lipid peroxidation and 305 
genotoxicity, and therefore establishment of analytical procedures for these adducts in biological fluids, 306 
such as plasma and urine, is expected in the near future. In conclusion, we here demonstrated a novel 307 
mechanism for the formation of lipid peroxidation-derived dG adducts, in which 2-alkenals are 308 
oxidized by transition metals into 4-oxo-2-alkenals to form corresponding 7-(2-oxo-alkyl)-εdG (Fig. 309 
4). In addition to classic Michael addition and epoxyaldehyde-derived reactions, we proposed a new 310 
pathway for the formation of dG adducts originated from 2-alkenals. Thus, our evidence would provide 311 
a pathophysiological basis for metal-catalyzed genotoxicity associated with carcinogenesis and other 312 
chronic diseases. 313 
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Figure captions 399 
 400 
Fig. 1. LC-MS/MS analysis of 7-(2-oxo-hexyl)-εdG (OOE-dG) and 2-alkenal-derived 7-(2-oxo-401 
alkyl)-εdG adducts. 402 
(A) LC-MS/MS chromatograms of dG adduct (m/z 390.2 → 274.2) in the reaction of dG with oxidized 403 
AA, 2-octenal, and OOE. Chemical structure of OOE-dG and the MS/MS fragmentation are also 404 
illustrated. (B) Each 2-alkenal (crotonaldehyde, 2-pentenal, 2-hexenal, 2-heptenal, 2-octenal, 2-405 
nonenal, 20 mM) was incubated with dG (2 mM) at 37°C for 3 days. Chromatograms at the MRM 406 
transitions for possible 4-oxo-2-alkenal-derived adducts are shown. 407 
 408 
Fig. 2. Effects of transition metals on the formation of OOE-dG. 409 
(A) 2-Octenal (10 mM) was incubated with dG (1 mM) in the presence or absence of CuSO4 (10 μM) 410 
or FeSO4 (0.1 mM)/EDTA (0.1 mM) at 37°C for 3 days The amount of OOE-dG was calculated based 411 
on the authentic standard (n = 3). (B) LC-MS/MS chromatograms of enzymatic hydrolysates of native 412 
calf thymus DNA (ctDNA), monitoring OOE-dG (m/z 390.1 → 274.1) and internal standard (m/z 395.1 413 
→ 279.1). (C) The amounts of OOE-dG in ctDNA treated with 2-octenal (10 mM) in the presence or 414 
absence of CuSO4 (10 μM) or FeSO4 (0.1 mM)/EDTA (0.1 mM) were determined using stable-isotope 415 
dilution assay (n = 3). 416 
 417 
Fig. 3. LC-MS/MS analysis of semicarbazone derivatives of 2-octenal and OOE. 418 
(A) Oxidized AA and authentic 2-octenal were derivatized with semicarbazide and then analyzed by 419 
LC-MS/MS. (B) 2-Octenal was incubated in phosphate buffer at 37°C for 24 h in the presence or 420 
absence of CuSO4 (10 μM) or FeSO4 (0.1 mM)/EDTA (0.1 mM), derivatized with semicarbazide and 421 
then analyzed by LC-MS/MS. Fragmentation patterns for the derivatives of 2-octenal and OOE are 422 
also illustrated. 423 
 424 
Fig. 4. Proposed scheme for the formation of OOE-dG through the autoxidation of 2-octenal in the 425 
reaction of oxidized AA and dG. 426 
 427 
 428 
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4-Oxo-2-alkenals, which are highly reactive to nucleosides, are generated through 
metal-catalyzed oxidation of corresponding 2-alkenals during lipid peroxidation.
